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Abstract 



Two-photon optical transitions combined with long-range dipole-dipole 
interactions can be used for the coherent manipulation of collective metastable 
states composed of different atoms. We show that it is possible to induce 
optical resonances accompanied by the generation of entangled superpositions 
of the atomic states. Resonances of this kind can be used to implement 
quantum logic gates using optically excited single atoms (impurities) in the 
condensed phase. 
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Exciting recent developments in the field of quantum information and quantum comput- 
ing stimulated an intensive search for coherent physical processes which could be used to 
manipulate coupled quantum- mechanical systems in a prescribed fashion |I| . Although it is 
clear that so-called universal quantum-mechanical computers are well beyond the abilities 
of current technology, even small-scale devices consisting of few interacting quantum bits 
are currently of significant fundamental interest. 

The present Letter describes a new method for coherent manipulation of many-atom 
metastable states based on two-photon optical resonances in interacting atomic ensembles. 
Such collective resonances take place due to the coupling of the optical dipoles on selected, 
field-free transitions via a dipole-dipole interaction. Even though the mean values of the 
individual dipole moments involved in such atom-atom interactions vanish, this coupling 
can result in "hopping" of the excitation from one atom to another. Splitting of collective 
excited states due to this "hopping" is a dominant feature of the present problem. In such a 
system it is possible to induce a narrow two-photon transition between two distinct atoms or 
to perform a two-photon transition within one atom conditional upon the metastable state 
of the other. When excited with a prescribed pulse sequence these resonances can be used 
for the generation of entangled superpositions of metastable atomic states and conditional 
quantum logic. As a specific example we suggest a solid state implementation of a quantum 
computer, in which individual impurities or defects with long lived ground state coherences 
can be excited optically. 

Substantial progress has been made in recent years towards the understanding of the 
interactions of optical fields with dense ensembles of multi-state atoms [[|. Particularly 
relevant studies of solid materials and ultra-cold atoms [f| should be noted. Dipole- 
dipole induced "hopping" or transfer of the excitation between different atoms has been 
extensively studied in the past [|5| and its manifestations have been observed e.g. in a 
dense thermal vapor || . Recent work utilizing these effects for "nano-optics" [[!]] might also 
have interesting implications for the experimental realization of the present ideas. Before 
proceeding we note that adiabatic following in "dark states" is the basis for a cavity QED- 
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based quantum logic as described in Ref. ||. We also note very recent related proposals for 
quantum logic, based on the precise control of atomic positions in optical lattices flJTOH. 

Consider a pair of distinguishable multi-state atoms (A and B) at a fixed distance tab 
which is smaller than the optical wavelength A (Fig. la). Each of these atoms is assumed to 
have a single excited state, which can be coupled to several metastable states via electric 
dipole-allowed transitions. We assume that the atoms can only interact with each other via 
the coupling of dipoles on selected transitions (|ai) — > \bi), i = A, B in Fig. la), whereas all 
the other dipoles (e.g. |a*) — > |q)) do not couple to those in other atoms due to differing 
frequencies or polarizations. In the situations considered below, the coupled dipoles are 
assumed not to be driven by any external electromagnetic field, and we will examine the 
response of this type of system when optical fields are applied to uncoupled transitions. 
In cases when retardation effects can be disregarded the system can be described by the 
following effective Hamiltonian: 

H= £ {H? + Vr f ) - (Kg(?AB)ai<rZ + h.c), (1) 

i=A,B 

where Hf corresponds to free atoms, V°"~^ describes interaction of each atom with 
components of electromagnetic field, trig = |aj)(/3j| are dipole operators and g{f) = 
^fpLbtPiUy^y - 1) = 3/2(27r)- 3 v / 7a % 7a %A 3 /r 3 (32 ; 2 /r 2 - 1) is the coupling con- 
stant between interacting dipoles. Here Pi_,j are single-atom dipole matrix elements corre- 
sponding to i — > j transition of the kth atom, and 7^ . are corresponding radiative decay 
rates. 

Let us first consider the case when each of the three-state atoms i = A, B in Fig. la 
is coupled by an independent optical field with a respective Rabi-frequency £lx,2 (^1,2 are 
oscillation frequencies), as shown. These fields are tuned to resonance with the transitions 
— > |cj) and atoms A and B are initially prepared in their lowest metastable states ca 
and bs, respectively. This configuration corresponds to a Raman transition between two 
different atoms which will result in the level ca being emptied while level cb is filled. To 
get an insight into the origin of this transition let us consider collective energy levels of the 
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two- atom system dressed by coherent driving field Q 2 (Fig. lb). Three relevant dressed states 
|0), |±) with energies ujq, u± can be excited by the probe field fli. In the simple case of an 
exactly resonant driving field Q 2 , close atoms \g\ ^> fl 2 and interacting transitions a; — > b{ 
of equal energies {oj^ b = u^ b ) we find 

-tt 2 \a A b B ) +g\b A c B ) 



oo = 0, |0> 



\9\ 



- ± -±M, l±>« T2 + o( w ). 

The dominant feature of the present problem is splitting of the states |±). The third dressed 
state |0) coincides nearly identically with the metastable two-atom state |6acb). At the same 
time it contains a small admixture of the state |cz,4&b) and therefore can be excited from the 
initial state |ca&b) by the field Qi resulting in the two-atom Raman transition. 

These effects can be quantified by computing the response of the two-atom system assum- 
ing a cw driving field Q 2 and a weak probe field For a moment we disregard cooperative 
relaxation (assuming that dephasing dominates in the relaxation of the optical coherences) 
and we find for the expectation value of the induced atomic polarization: 



A\ <~> bcab 1 cbbc ' | J '2| / \ 
°ac)=" 2 17^F F , 10 m , IsTn • ( 2 ) 



F F 

1 bcab 1 cbbc 


+ 


n 2 \ 
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Fac (J^bcab^bccb 


n 2 


I 2 ) + g 2 ^bccb 



Here T ac = 7^ + 1(1^ - wfj, r fecab = 7 £ + 7* + %{y x - u% - ug), and T bccb = 7 £ + 7^ + 
2(27 — v 2 — 0J bc — cu^) are complex relaxation rates of a polarization and coherences 

( a bc a ab)i and (o bc (7cb)- lij are the coherence decay rates for the respective transitions of the 
individual atoms. The susceptibility spectrum corresponding to Eq. (|J) is shown in Fig.lc. 
Note that if the |±) dressed state splitting caused by the atom-atom interaction ~ 2\g\ is 
larger that the linewidth of the atomic transitions (7), the narrow |ca&b) — > |0) resonance 
(solid curve in Fig.lc) can be selectively excited without significantly populating the upper 
states. Excitation of this resonance with pulsed fields results in a a metastable, entangled 
superposition \^ final) = £c&|ca&b) + £& c |&aCb). Here £y are complex numbers determined by 
Rabi frequencies, pulse lengths and magnitude of g [fLl] . 
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It is easy to generalize the above analysis to the case when the atom A is initially in 
coherent superposition \A) = «|6a) + P\ca) and B is in the pure state \b B ) . The two- 
atom state |&a&b) remains decoupled from the optical fields; hence \^ final) = o:|&a&b) + 
P(C,cb\cAbB) + £& c |&ac.b)). The particular case (£ c t — > 0,^ — > 1) corresponds to a two- 
atom Raman n pulse that yields complete coherence transfer. The inset to Fig.lc illustrates 
Raman-type Rabi oscillations between the metastable states |ca&b) and |&aCb) corresponding 
to the transfer of coherence o\, c between two atoms. 

We next extend the above technique to illustrate how it can be used to perform a con- 
ditional manipulation of ground state coherences. To this end (Fig. 2a) we provide atoms A 
and B with two or more ground state sublevels that are not coupled to other atoms. On 
atom A only, we also provide a pair of optical fields f2 li2 which are near resonance with the 
uncoupled transitions |ca) — > |oa) and \(La) — > \cla) respectively, forming a resonant Raman 
system, as shown in Fig.2a. As before, atom A can interact with atom B via the dipole-dipole 
coupling on the |aj) — > transitions. We assume that the multi-state atom B is initially 
prepared in a coherent superposition of the metastable states (e.g. \B) = c*b|6b) + Pb\cb)) 
and the fields do not drive any transitions in this atom. If atom B is in the state \cb), then 
its presence does not affect the two photon transition within atom A (see Fig. 2b). However, 
if atom B is in the state \bs) the dipole-dipole coupling causes an effective splitting of the 
excited state (into | ±) states) resulting in a substantial slowing of the two-photon processes 
(Fig. 2c). In such a case, Raman transitions in atom A can be effectively eliminated by 
choosing appropriate Rabi-frequencies and pulse durations. 

Two particular examples of such interactions are conditional adiabatic passage and con- 
ditional Raman excitation with resonant pulses. In the former case, one of the ground states 
(say |o?a)) of atom A must be initially unoccupied. Conditional adiabatic passage can be 
achieved by applying resonant pulses in the form Q 1 = Qcos(t/T),Q 2 = fisin(i/T) with 
properly chosen f2 and T. In the ideal limit, the state of the system after the transfer 
t = Tn/ 2 is governed by the operator U c ap- 
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U cA p(a B \cAbB) + Pb\caCb)) = a B \cAbB) + (3 B \d A CB)- 

A conditional Raman it -pulse can be achieved by applying identically shaped resonant pulses 
Oi(t) = Qif(t), fi 2 (t) = &2f(t) with properly chosen intensities and durations / f(t)dtti = 
it. For an arbitrary initial state the ideal limit corresponds to the unitary operation U C7T : 

U C7 r\c(d)ACB) = ±cos#|c(d) aCb) + e Ttr ^sm8\d(c)ACB), 
U cn \c(d) A b B ) = \c(d) A b B ), 



where tan# = 2|fii| |Q 2 |/(|fii| 2 - |fi 2 | 2 ), ft = \J\^i\ 2 + |^ 2 | 2 and e i(t> = ^fi 2 /(|fii||fi 2 |). 

As a figure of merit for such processes we compute minimal fidelity F = min (^f f\pf\^f f), 
where p/ is the actual atomic density matrix after the pulse sequence and \^ff) is a target 
state achieved in the ideal limit. Disregarding dephasing of the lower level coherence during 
adiabatic transfer and assuming = ui^ b we find that for \g\ > 7 the fidelity of adiabatic 
passage: 

F cAP « mm [exp(-^^), exp( — |j^p-)] ( 3 ) 

In this expression, the first term corresponds to imperfect adiabatic passage and the second 
corresponds to unwanted transfer. It follows that the fidelity is large when Q 2 T ^> 7 and 
Q 2 T <C |g| 2 /7 (see Fig. 3a). A corresponding fidelity for Raman excitation induced by a pair 
of rectangular pulses with identical Rabi-frequencies is: 



7f~f 7T'~fQ > 

,exp(-— 
lit \g\ 



~ min [exp(-^),exp(- T — )]. (4) 



F C7T is large when Q 3> 7 and Q <C |<?| 2 /7- It follows from Eqs.(0,f|) that whenever the nec- 
essary inequalities on pulse durations and Rabi-frequencies are fulfilled precise knowledge of 
magnitude of the dipole coupling is not required to achieve desired conditional manipulations. 
This is especially remarkable since the above operations can be used to implement universal 
logic gates such controlled-NOT [O. 

The above analysis disregards the effects of cooperative relaxation such as superradiance. 
This is justified since the effect of cooperative relaxation on collective two-photon transitions 
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is not significant even if the optical dephasing is dominated by radiative decay (see e.g. the 
inset to Fig. 3b which shows the two-atom spectrum when cooperative relaxation is taken 
into account). In general, cooperative relaxation effects are typically dominated by the 
dipole-dipole interaction in dense small-size atomic samples [|I3| . 

It is possible to generalized the above analysis to the case of ensembles of interacting 
atoms consisting of two groups of atoms. Fig. 3b shows an example of an absorption spec- 
trum corresponding to a Raman transition between two atomic ensembles in the case of a 
homogeneous medium consisting of atoms A and B with equal densities pfl . It is clear that 
simultaneous many-particle interactions introduce shifts and asymmetry (resulting from ef- 



fects such as local field correction [|15|1 ) as well as additional broad absorption plateaus in 
between the split peaks. The origin of the latter can be understood as an emerging ex- 
citon band. It is important to note however that a narrow resonance corresponding to a 
many-atom Raman transition can still be easily resolved, although its magnitude might be 
reduced. 

In summary, collective multiphoton resonances should be observable in systems where 
the shifts due to the interaction between atoms exceeds the homogeneous optical linewidths 
and where there are several metastable states available. Systems of that kind include certain 
solid materials such as spectral hole burning materials and cold atoms in small traps and 



optical lattices [16 



As an important example we now describe a possible implementation of a quantum 
logic gates using the above techniques on single atoms (i.e. impurities or defects) in solid 
crystals. We here take optical spectral hole burning solids as an example. Possible candidate 
materials include Pr doped Y2SiOs (Pr:YSO) for which efficient Raman excitation has 
been realized [[|, color centers such as the N-V center in diamond (N-V) [TJJ for which 
single-atom spectroscopy have been performed pOf, F 2 centers in LiF M or Cs in solid 



helium The ground state of such materials consists of multiplets of degenerate sublevels. 
When cooled to liquid helium temperatures, such impurities can display homogeneous optical 
linewidths which are close to radiative broadening (7 ~ 3 kHz (Pr:YSO) - 20 MHz (N-V), 



Jrad ~ 7/ (2. ..5)). and relatively long lived ground state coherence lifetimes ((7r7o' 
(Pr:YSO) - 0.1 ms (N-V) [f22|). 

Due to crystal field fluctuations there is a large (Aj n /, ~ 5 GHz (Pr:YSO) - few THz (N- 
V)) inhomogeneous distribution of the optical frequencies. This allows one to use spectral 
hole burning techniques to select atoms with optical transitions at desired frequencies. In 
these systems qbits can be defined as pairs of ground state atomic sublevels corresponding 
to spectrally selected atoms [[LTfl. All but relevant atoms can be optically pumped into 
designated storage sublevels. In the current approach we choose to excite samples of a very 
small (< A) size by using near- field microscopy or tightly focused beams, and choose the 
density such that each spectral hole of interest consists of only one impurity atom. In this 
case it is possible to selectively address single atoms p0| . A pair of individual impurity 
atoms A and B can be selectively coupled by shifting the Zeeman sublevels with an H-field 
until one optical transition of the atom A becomes resonant with another transition of the 
atom B. Zeeman frequency shifts in the above mentioned impurities are such that magnetic 
fields on the order of few Tesla are appropriate. Once such "alignment of levels" is achieved, 
the two-atom multiphoton transitions described above can be used to perform quantum 
logic operations on a time scale of at least 7 -1 . By choosing an appropriate concentration of 
impurities and sample size the excitation and a few steps of coherent manipulation of about 
hundred of qbits might be feasible. 

The authors gratefully acknowledge many useful discussions with M. Fleischhauer, V. 
Kharchenko and V. Sautenkov. This work was supported by the National Science Founda- 
tion. 
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FIG. 1. (a) Schematic energy levels for two-atom Raman transitions, (b) Collective dressed 
states corresponding to Fig. la. (c) Susceptibility spectra (in arbitrary units) of a weak probe field 
for the two-atom system of Fig. la. The dotted curve corresponds to absorption of a free atom; for 
the solid curve g = 4*y, V2 = u^ c ,u>^ b = u^ b , ^2 = 7>7b c = 0; for the dashed curve V2 — oj^ c = 47. 
Inset shows the time evolution of the ground state coherences (i-cr^,, h-cr^/z) corresponding to the 
system of Fig. la excited at t = by a pair of identical fields Q\ = Q2 = 7; 9 = 2O7. 
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FIG. 2. (a) Schematic energy levels for conditional two-photon manipulations, (b) Correspond- 
ing two-atom states dressed by atom-atom interaction 
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FIG. 3. (a) The minimum fidelity for conditional adiabatic passage as a function of the drive 
field Rabi frequency. For curves (i-iii) 7^, = 0, T = 107 -1 , and g = 27,207,2007 respectively. For 
curves (iv,v) 7b c = O.I7, g = 2O7 and T = 107 _1 ,0.77 _1 respectively, (b) Typical susceptibility 
spectra for cooperative Raman transitions in homogeneous mixture of atoms A and B with equal 
densities. iVA 3 = 10 x (2ir) 2 'j/j ra d- ^ = 37, 7^, = O.OI7. Inset demonstrates the influence of 
supper-radiant effects. All optical transitions are assumed to be radiatively broadened with identical 
decay rates. Other parameters correspond to those of the solid curve in Fig.lc. 
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